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Abstract
Adult male Long–Evans rats were subjected to bilateral lesions of the cholinergic neurons in the nucleus basalis magnocellularis (NBM)
by injection of 0.2 or 0.4 mg 192-IgG-saporin in 0.4 ml phosphate-buffered saline. Control rats received an equivalent amount of phosphate-
buffered saline. Starting 2 weeks after surgery, all rats were tested for locomotor activity in their home cage, beam-walking performance,
T-maze alternation rates (working memory), reference and working memory performance in a water-maze task, and memory capabilities in
the eight-arm radial maze task using uninterrupted and interrupted (delay of 2 min, 2 h and 6 h after four arms had been visited) testing
procedures. Histochemical analysis showed a significant decrease of acetylcholinesterase (AChE)-positive reaction products (30–66%) in
various cortical regions at the 0.2-mg dose. At the dose of 0.4 mg, there was an additional, although weak, damage to the hippocampus (17–
30%) and the cingulate cortex (34%). The behavioral results showed only minor impairments in spatial memory tasks, and only during initial
phases of the tests (reference memory in the water maze, working memory in the radial maze). The behavioral effects of the dramatic
cholinergic lesions do not support the idea of a substantial implication of cholinergic projections from the NBM to the cortex in the memory
processes assessed in this study, but they remain congruent with an involvement of these projections in attentional functions. D 2002 Elsevier
Science Inc. All rights reserved.
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1. Introduction
In patients with Alzheimer’s disease (AD), a loss of cho-
linergic neurons in the basal forebrain accounts for the
cholinergic denervation of cortical and hippocampal targets,
and is considered a major cause of cognitive dysfunction
[1,2]. Over the last 20 years, there have been many experi-
mental attempts to model neuropathological and/or cognitive
sequelae of AD in animals. Thus, many experiments have
used rats with lesions of basal forebrain nuclei, such as the
medial septum/diagonal band of Broca (Ch1 and Ch2 nuclei
in Mesulam’s nomenclature) and/or the nucleus basalis
magnocellularis (NBM, Ch4 nuclei in Mesulam’s nomen-
clature). Lesion techniques include electrolytic (and thus
highly unspecific) damage, injection of excitotoxins such as
ibotenate, kainate, quisqualate, AMPA (DL-a-amino-3-hydro-
xy-5-methyl-isoxazolepropionic acid), NMDA (N-methyl-D-
aspartate) or AF64A and, more recently, highly specific
immunologically based lesions performed by intraventricular
or intraparenchymal infusions of 192-IgG-saporin.
Concerning the septal region, most studies reported in the
literature have established that damage to septal cholinergic
neurons or disruption of their projections to the hippocampus
generally results in more or less pronounced impairments of
spatial (but not only) learning and memory [3]. It is note-
worthy, however, that these impairments following massive
192-IgG-saporin injections appear to be less severe than after
lesions performed with less specific methods [4–6].
Following lesions of the NBM, and in contrast to septal
damage, the overall picture of the behavioral consequences
seems more heterogeneous, particularly concerning spatial
learning and memory processes. In some respects, the
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deficits appear to depend upon the lesion method used. Early
studies reported alterations of activity and spatial learning
after electrolytic, ibotenic acid or colchicine lesions of the
nucleus basalis [7–11]. At least part of these deficits have
been attributed to the disruption of cholinergic mechanisms
because: (1) they could be mimicked by anticholinergic
drugs [12,13] and attenuated by cholinomimetic ones [14],
and (2) they were shown to be associated with a reduction of
cholinergic markers in the cortex [15]. Nevertheless, there
are now numerous reports suggesting that the relationship
between the cholinergic depletion induced by NBM lesions
in the cortex and this type of memory dysfunction is neither
clear-cut nor simple. For instance, Steckler et al. [16]
compared the effects of NBM lesions performed with two
neurotoxins, quisqualate and ibotenate, and found that the
lesion that produced the largest cholinergic depletion in the
cortex (quisqualate) had no effect on spatial memory [17,18].
Moreover, Ammassari-Teule et al. [19] reported that follow-
ing injections of ibotenate or quisqualate into the NBM, they
could not establish a statistically relevant correlation
between cortical cholinergic depletion and spatial learning
impairment [20].
What about more specific cholinergic lesions? Numerous
behavioral studies performed to date using 192-IgG-saporin
produced damage to cholinergic neurons of the basal fore-
brain, i.e., of both the septal region and the NBM. Thus, this
approach presents some problems. The first is to determine
which of the two areas, when lesioned, produces what type
of deficit, whilst the second is to determine, to what extent
these deficits are produced [21]. Nevertheless, using such an
approach, Zhang et al. [22] showed that impairments in
passive avoidance were linked to the loss of NBM, but not
of septal cholinergic neurons (but see Ref. [18]). Other
studies used intraparenchymal injection techniques to dam-
age cholinergic neurons of the NBM with virtually no
damage to the septal region. For instance, Dornan et al.
[5] found 192-IgG-saporin-induced lesions of the NBM to
alter, though only slightly, radial-maze performances,
whereas water-maze performances were not disrupted. In
accordance, Baxter et al. [23] observed that immunolesions
of the NBM did not alter place discrimination in the Morris
water maze, but Berger-Sweeney et al. [24] reported that
such lesions clearly impaired spatial navigation in a water
maze. In other experiments, despite or because of choliner-
gic denervation of the cortex, 192-IgG-saporin-induced
lesions of NBM cholinergic neurons failed to alter taste
aversion learning [25], impaired attentional processes [26],
altered water-maze performances, but probably because of
nonmnemonic effects [23]. In addition, such lesions had no
effect on open-field activity or on delayed nonmatching to
position learning performances [27], as well as on rewarded
and delayed alternation in a T-maze [18]. Altogether, there
seems to be a rather important variability in the cognitive
effects of specific cholinergic lesions in the NBM, suggest-
ing that factors such as the lesion procedure (amounts of
192-IgG-saporin injected and potency of the antibody [28]),
the extent of the lesion or the type of behavioral test used
might contribute to this variation. Based on the aforemen-
tioned issues, our approach was to compare the histochem-
ical and behavioral effects of two doses from the same batch
of 192-IgG-saporin using a large battery of tests in the same
animals. Behavioral testing assessed locomotor activity,
sensorimotor capabilities, alternation in a T-maze, working
and reference memory in a water maze, as well as working
memory performances in a radial maze using an uninter-
rupted and an interrupted (insertion of a delay of 2 min, 2 h
and, subsequently, 6 h after four arms had been visited)
testing procedure. Finally, using sections stained for acetyl-
cholinesterase (AChE), we quantified the extent of the
AChE depletion in a variety of brain regions (cortex, hip-
pocampus, striatum).
2. Materials and methods
2.1. Subjects and design
All procedures involving animals and their care were
conducted in conformity with the institutional guidelines
that are in compliance with national (council directive no.
87848, October 19, 1987, Ministe`re de l’Agriculture et de la
Foreˆt, Service Ve´te´rinaire de la Sante´ et de la Protection
Animales; permission no. 6212 to J.-C.C. and 6714-bis to
H.J.; O.L., R.G., F.B., T.B., E.A. and C.L. under the
former’s responsibility) and international (NIH publication,
No. 86-23, revised 1985) laws and policies.
The study used 44 Long–Evans male rats (R. Janvier,
France). At approximately 90 days of age (300 ± 20 g), the
rats were allocated to one of three groups. Two groups
comprised rats that received bilateral infusions of 0.1 or
0.2 mg/side of 192-IgG-saporin (Advanced Targeting Sys-
tems, San Diego) in 0.1 or 0.2 ml phosphate-buffered saline
(PBS), while the third was constituted by rats that received
injections of PBS as a control. Thus, the groups were as
follows: vehicle infused (CTRL; n = 13), rats with 0.2 mg
saporin lesions (SAPO/0.2; n = 15), and rats with 0.4 mg
saporin lesions (SAPO/0.4; n = 16). All rats were housed in
transparent Makrolon cages (42 26 15 cm) under a
12:12 h dark–light cycle (lights on at 7:00 h), with ad-
libitum access to food (except during radial-maze testing)
and water throughout the experiment. The colony and
testing rooms were under controlled temperature (21 C).
2.2. Surgeries
All surgical procedures were conducted under aseptic
conditions, using pentobarbital anaesthesia (65 mg/kg ip).
Injections into the NBM were performed stereotaxically
through a 2-ml Hamilton syringe at the following coordi-
nates (in millimeters): A:  1.0 (from bregma), L: ± 3.0
(from the midline); V:  6.5 (from dura), with the incisor
bar set at the level of the interaural line [29]. After each
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injection, the needle was left in situ for 6 min, retracted
1 mm, and a second delay of 4 min was allowed before
complete retraction. Thirty-one rats were lesioned using 0.2
or 0.4 mg of the immunotoxin 192-IgG-saporin (0.1 or 0.2 mg
in 0.1 ml or 0.2 ml of PBS). Vehicle-infused rats received an
injection of 0.1 or 0.2 ml/NBM of PBS. After surgery, the
body weight of all rats was monitored daily for 135 days.
2.3. Behavioral studies
Behavioral studies began 8 days after surgery. The tests
assessed locomotor activity in the home cage, forced
alternation in a T-maze, motor capabilities using a beam-
walking test, and learning and memory capabilities in both a
water maze (using protocols placing emphasis on either
reference or working memory) and a radial maze (using
protocols that allowed to change the time constraint of the
test, as indicated below). The time schedule of all tests is
shown in Table 1. All tests were conducted by experiment-
ers who were unaware of the rat’s surgical treatment.
2.3.1. Home-cage activity
Spontaneous activity of the rats was recorded over 24 h
in their home cage. The rats were brought to the experi-
mental room 15 min before recording of the activity was
started. A first period of observation (11:00–14:00 h;
habituation to experimental conditions) lasting for 3 h was
distinguished from a second period, which lasted for 21 h
and was split into diurnal (14:00–19:00 h and 7:00–11:00 h)
and nocturnal (19:00–07:00 h) phases. Each cage was
monitored by two infrared light beams targeted on photo-
cells, 4.5 cm above floor level and 28 cm apart. The number
of crossings of the cage (successive interruptions of the
beams) was monitored continuously by a computer.
2.3.2. Beam-walking test
Qualitative assessment of motor coordination was per-
formed by placing each rat on a 2 200-cm wooden beam
elevated 80 cm above the floor and divided into four 50-cm
segments. The beam was connected to the home cage. All
rats were trained according to the following protocol: in the
first session, the rats were placed on the beam at 50 cm from
the home cage at five consecutive occasions. In the next
session, the rats were placed at 50, 100, 150 and 200 cm
from the home cage, successively, with one trial for each
distance. In the third session, the rats were placed twice at
100 cm and twice at 200 cm from the home cage. In the
fourth session, the rats were placed at 200 cm for three
consecutive runs. On the next day, all rats were tested for
three consecutive trials as in the fourth session and their
performance was rated. For each 50-cm segment of the
beam, the experimenter rated the locomotor behavior: a
score of 1 per segment was given when the rat traversed the
segment with all paws on the upper surface of the beam.
Conversely, a score of 0 was given for each segment on
which the rat slipped or placed its toes on the side surface of
the beam. The overall score was calculated by adding the
scores of the three runs (maximal score = 12).
2.3.3. Forced T-maze alternation
The apparatus was a grey Perspex T-maze (10 cm
high 10 cm wide) with a transparent Perspex roof and a
40-W white lamp located 105 cm above the choice point.
The 45-cm-long stem and 21-cm-long side arms ended in
20-cm-long interchangeable start/goal boxes. Guillotine
doors were located at the entrance to the stem and on each
side arm; they allowed the rat to be confined in the start box
or in the chosen arm. For a trial, the rat was first subjected to
a forced run for which it was placed in the start box for 10 s
before the guillotine door was opened. Once the rat had
reached the end of the forced arm (the other arm being
closed), it remained in this arm for 30 s before another run
was allowed (with both arms open). Two trials (one trial
consisting in a forced run followed by a test run) were given
each day during 5 days, so that 10 possible alternations were
tested for each rat over the 5-day period of T-maze testing.
Start and goal boxes were interchanged with the rat inside,
and the intertrial interval on each day lasted for at least 2 h.
We considered an alternation when, on the second run, the
rat chose the arm opposite to that entered on the first run.
2.3.4. Morris water-maze test
This test was performed with two procedures, one placing
emphasis on reference memory, the other on working mem-
ory. The Morris water maze consisted of a circular pool
(diameter 160 cm, height 60 cm) filled with water to half
the height. The water (22 C) was made opaque with
powdered milk. The pool was located in an experimental
room with many extra-maze cues (e.g., chair, computer, desk,
cages, lights, pictures on the wall, fan, etc.) and was virtually
divided into four equal quadrants with four starting points
identified as north, east, south and west. A circular platform,
11 cm in diameter, was placed in the pool, 1 cm underneath
the water surface. For each trial, the rat was placed in the pool,
facing the wall at a randomly designed starting point from
where it was released and given a maximum of 60 s to reach
the submerged platform. When the rat climbed onto the
platform, it was allowed to remain there for 10 s before being
Table 1
Time schedule for the series of tests given in days after surgery
Variable assessed or experimental step Postsurgical delay
Home-cage activity Day 8
Beam-walking test Days 13–17 (a.m.)
Forced T-maze alternation Days 13–17 (p.m.)
Morris water-tank test (reference memory) Days 20–24
Morris water-tank test (working memory) Days 27–31
Reduction of body weight and radial-maze training Days 31–52
Radial-maze test, no interruption Days 55–80
Radial-maze test, 2-min interruption Days 83–114
Radial-maze test, 2-h interruption Days 118–143
Radial-maze test, 6-h interruption Days 146–166
Sacrifice Day 175
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removed and placed on the next (in the reference memory
test) or the same (in the working memory test) starting point.
If the rat failed to find the platform within 60 s, it was placed
on it for 10 s by the experimenter. Using a video-tracking
system (Noldus, The Netherlands), the latency to reach the
platform and the distance swum by the rat were recorded for
each trial.
2.3.4.1. Reference memory procedure. During five con-
secutive days, the platform was placed in the northwest
quadrant. Each day, the rats were given four trials for which
they where released from a different starting point in a
randomized order. When the third trial of the last day was
completed, the platform was removed and all rats were
given a probe trial for 60 s. The testing procedure used
before the probe trial is generally considered to provide a
measure of learning reflecting spatial reference memory,
while the probe trial is considered to measure the strength of
spatial learning.
2.3.4.2. Working memory procedure. During five other
consecutive days, the platform was placed in a new location
each day, and the rats were released from a single starting
point for four consecutive trials separated by 10 s. This testing
procedure is assumed to measure primarily working memory.
2.3.5. Radial arm maze (RAM)
RAM training and testing were conducted using two
identical grey polyvinyl chloride RAMs placed in an
experimental room with several different visual cues around
the mazes. The octagonal central platform was 40 cm in
diameter. Arms radiating from the platform were 56 cm long
and 10 cm wide, each with a concave food well located
3 cm from the end of each arm. A 3-cm-high border was
fixed to the arms and 30 20-cm walls were fixed to each
arm entrance. Each maze was elevated 68 cm above floor
level. In each maze, 16 infrared photocells (two per arm, one
at 12 cm from the entrance and the other at 10 cm from the
end, with the infrared beam 4 cm above floor level) enabled
the entries and movements of the rats to be followed. The
sequence of photocell beam interruptions was monitored
with a computer.
The body weight of all rats was reduced progressively
(over 17 days) and subsequently maintained at about 80% of
the free-feeding value. Water was available ad-libitum. All
rats were habituated to eat the food pellets (45 mg, Noyes,
distributed by Sandow Scientific, UK) in the maze on five
consecutive days according to a training schedule described
in detail by Jeltsch et al. [30]. Following training, all rats
were tested (one trial per day).
Trials 1–20 had no interruption and all of the arms were
baited. Trials 21–44 had a 2-min delay inserted between the
fourth and the fifth arm visited. Trials 45—65 were con-
ducted with an identical protocol but the delay was 2 h. For
trials 66–86, the delay was 6 h. Regardless of the protocol
used, a trial was finished when all the pellets had been eaten.
In the uninterrupted procedure (see below), two variables
were analyzed: errors, defined as reentries into already
visited arms, and the number of arms visited before the
first error was committed. In the interrupted procedure, for
all delay conditions we also analyzed the number of arms
visited after the interruption and before the first error was
committed. When there was an effect of the lesions in the
test with an interrupted protocol, we made an additional
analysis. Using the sequence of arms visited before the
interruption, we distinguished each error committed after the
interruption as occurring in the first, second, third or fourth
arm visited before the trial was interrupted. We expected
that this additional analysis would allow us to verify if the
lesions disrupted the overall memory of the four arms
visited before the interruption regardless of the visit
sequence or rather disrupted part of the memory depending
on the order of the visits.
2.4. Histochemical verifications
At the end of testing, all rats were injected with an
overdose of pentobarbital (100 mg/kg ip; Sanofi, France)
and transcardially perfused with 60 ml of saline followed by
60 ml of 0.1 M phosphate-buffered paraformaldehyde (4%,
4 C, pH 8.0). After extraction, the brains were postfixed for
about 4 h and transferred into a 0.1 M phosphate-buffered,
20% sucrose solution in which they remained for 36–40 h.
The brains were then quickly frozen and cut into 30-mm-
thick coronal sections in a cryostat ( 23 C). From the
region containing the basal forebrain to the posterior region
of the hippocampus, each fifth section was collected onto
gelatine-coated slides. The sections were dried at room
temperature for at least 36 h and stained for AChE accord-
ing to a method similar to that described by Koelle [31].
Ethopropazine (0.3 mM; Sigma, St Louis, MO) was used to
block nonspecific cholinesterases and acetylthiocholine iod-
ide (4 mM; Sigma) was used as the substrate.
Quantification of AChE-positive reaction products was
assessed by an adaptation of a method described by Turchi
and Sarter [32]. The gradient of darkness of a brain area
was used as an arbitrary index of the AChE-positive
staining density in that area. This density index was
obtained by measuring the exposure time (in seconds)
given by a Vanox Olympus microscope (model AHBT)
when the apparatus was switched into the photograph mode
(ISO 100, reciprocity: 0, exposure adjustment: 1, mag-
nification: 10 5) and focused on a specific area of a
section. A total of 22 measures from each hemisphere were
taken on four sections of each brain. Four measures were
taken at 1.00 and  1.40 mm from bregma (cingulate, so-
matosensory and piriform cortices, and striatum) and seven
measures at  3.60 and 4.52 mm from bregma (retrosple-
nial, somatosensory, piriform and perirhinal cortices, hippo-
campal CA1, dentate gyrus and dorsal thalamus). A
minimum of 1.12 s of exposure time was found in regions
were no AChE-positive staining was observed (e.g., the
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brightest cortical region after NBM lesions). This 1.12 s
value was considered as background noise and subtracted
from all measures.
2.5. Statistical analysis
All data were analyzed by an analysis of variance
(ANOVA) for a ‘‘between-subject’’ variable (group) experi-
ment. Where appropriate, pairwise comparisons were made
using the Newman–Keuls multiple range test [33]. More-
over, depending on the behavioral test, a second, within-
subjects factor was considered: the factor hour (home-cage
activity), day (reference memory procedure in the water-
tank test), trial (working memory procedure in the water-
tank test), or block (blocks of four trials in the radial-maze
test), depending on the variable analyzed.
Fig. 1. Photographs of representative AChE-positive staining patterns in coronal sections throughout the cortex and the hippocampus located at about
 3.60 mm (A for CTRL, B for SAPO/0.2, and C for SAPO/0.4) and  5.60 mm (D for CTRL, E for SAPO/0.2, and F for SAPO/0.4). Abbreviations: same as
in Table 2.
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3. Results
3.1. Histochemistry
Fig. 1 shows typical examples of AChE-positive staining
densities in the thalamus, cortex and hippocampus of rats
from each experimental group. Notice the dramatic cortical
denervation in rats with lesions (top of photographs), whether
from SAPO/0.2 or SAPO/0.4 groups, as well as the only
slight hippocampal denervation in the SAPO/0.4 group.
The results from the ANOVA and the following post hoc
tests are shown in Table 2 along with the percent density
decrease (as computed according to the mean density index
found in each area of the control group). Compared to the
CTRL rats, the SAPO/0.2 rats showed significantly decreased
density indices in all cortical regions (ranging from  31.9%
to  76.5%; P < .05, at least), except for the cingulate
( < 16%) and the retrosplenial cortex ( < 11%). The re-
sults also showed, but only at  1.40 mm from bregma, a
significant decrease in the striatum of the SAPO/0.2 group as
compared to the CTRL group ( 50.4%, P < .001). The
density index in the hippocampus, the dentate gyrus and the
dorsal thalamus were not significantly modified in the SAPO/
0.2 group when compared to that of the CTRL group (0% in
most cases). The SAPO/0.4 rats showed density indices that
were significantly decreased in all cortical regions (ranging
from  30.8% to  81.7%; P < .05, at least) as compared to
CTRL rats. The SAPO/0.4 rats also showed a decrease in the
striatum as compared to CTRL rats ( 62.1%; P < .001). In
contrast to SAPO/0.2 rats, however, there was also a signific-
ant decrease in the cingulate ( >  34%, P < .01) and the
retrosplenial cortex (> 30%, P < .05). Additionally, at
 4.52 mm from bregma, the density index in the somato-
sensory cortex and the perirhinal cortex was significantly
decreased in SAPO/0.4 rats as compared to that of the SAPO/
0.2 rats. There was also a significant decrease of the density
index in the hippocampus of SAPO/0.4 rats ( 30.3%,
P < .01) as compared to the CTRL ones. Also, in the hip-
pocampus at  3.6 mm and  4.52 mm from bregma, and in
the dentate gyrus at  3.6 mm, the density index of the
SAPO/0.4 rats was significantly decreased as compared to
that found in SAPO/0.2 rats (P < .01 for the hippocampus,
and P < .05 for the dentate gyrus).
3.2. Behavioral results
3.2.1. Home-cage activity
The results are shown in Fig. 2. ANOVA of the scores
recorded during the 3 h of the habituation period (Fig. 2A)
only showed a significant hour effect [F(2,82) = 11.46,
P < .001].Thegroupeffect [F(2,42) = 1.42]andthe interaction
between the two factors were not significant [F(4,82) =
Table 2
Mean density and percent of decrease of the AChE-positive staining index (see Materials and methods) in various brain regions
Anteriority
Mean density ± S.E.M. (right and left hemispheres) Percent change from CTRL (%)
from bregma Brain region F (2,40) = value CTRL SAPO/0.2 SAPO/0.4 SAPO/0.2 SAPO/0.4
+ 1.00 mm Cingulate cortex 5.80 1.04 ± 0.06 0.84 ± 0.08 0.68 ± 0.07  9.2  34.6**
Somatosensory cortex 58.64 0.63 ± 0.03 0.21 ± 0.03 0.18 ± 0.02  66.6***  71.4***
Striatum 1.42 10.33 ± 1.57 9.72 ± 1.50 7.30 ± 1.05  5.9  29.3
Piriform cortex 7.98 1.15 ± 0.34 0.27 ± 0.04 0.21 ± 0.02  76.5**  81.7**
 1.40 mm Cingulate cortex 7.30 0.70 ± 0.04 0.59 ± 0.04 0.46 ± 0.04  15.7  34.2** ,#
Somatosensory cortex 84.90 0.63 ± 0.03 0.21 ± 0.02 0.15 ± 0.01  66.6***  76.2***
Striatum 10.86 12.58 ± 1.88 6.24 ± 0.97 4.76 ± 0.79  50.4***  62.1***
Piriform cortex 41.77 0.90 ± 0.05 0.36 ± 0.06 0.27 ± 0.04  60.0***  70.0***
 3.60 mm Retrosplenial cortex 4.48 0.65 ± 0.05 0.58 ± 0.04 0.45 ± 0.04  10.8  30.8 *
Somatosensory cortex 79.85 0.57 ± 0.02 0.23 ± 0.02 0.17 ± 0.01  59.6***  70.1***
Hippocampal CA1 6.27 1.04 ± 0.07 1.19 ± 0.08 0.85 ± 0.06 + 15.3  18.2##
Dentate gyrus 4.66 1.33 ± 0.11 1.65 ± 0.15 1.10 ± 0.12 + 24.5  17.3#
Perirhinal cortex 21.60 0.99 ± 0.07 0.52 ± 0.08 0.35 ± 0.04  47.4***  64.6***
Piriform cortex 7.49 0.97 ± 0.08 0.66 ± 0.06 0.49 ± 0.10  31.9 *  49.5**
Dorsal thalamus 0.79 0.8 ± 0.06 0.93 ± 0.08 0.91 ± 0.07 + 16.2 + 14.70
 4.52 mm Retrosplenial cortex 7.98 0.76 ± 0.06 0.71 ± 0.07 0.47 ± 0.02  6.6  36.8**,##
Somatosensory cortex 35.48 0.75 ± 0.05 0.42 ± 0.05 0.22 ± 0.02  44***  70.6***,##
Hippocampal CA1 7.24 1.22 ± 0.06 1.13 ± 0.08 0.85 ± 0.05  7.3  30.3**,##
Dentate gyrus 2.75 1.38 ± 0.07 1.45 ± 0.17 1.10 ± 0.07  5.2  20.3
Perirhinal cortex 22.62 1.00 ± 0.06 0.71 ± 0.05 0.48 ± 0.04  28.3***  51.6***,##
Piriform cortex 19.83 1.18 ± 0.07 0.71 ± 0.06 0.58 ± 0.07  39.8***  50.8***
Dorsal thalamus 0.58 0.93 ± 0.1 0.83 ± 0.06 0.82 ± 0.06  10.7  11.83
Abbreviations: CTRL: control, SAPO/0.2 and SAPO/0.4: rats injected intraparenchymally with 0.2 or 0.4 mg of 192-IgG-saporin into the NBM.
* P < .05 as compared to controls.
** P < .01 as compared to controls.
*** P < .001 as compared to controls.
# P< .05 as compared to SAPO/0.2.
## P < .01 as compared to SAPO/0.2.
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2.14]. The hour effect can be explained by a de-crease in
overall activity during hours 2–3 as compared to the first one
(P < .001). ANOVA of the diurnal activity scores (Fig. 2B)
failed to show a significant group effect [F(2,41) = 2.17], as
was also the case for the nocturnal activity scores (Fig. 2C;
F(2,41) = 1.17).
3.2.2. Beam walking
The results are illustrated in Fig. 3. ANOVA revealed a
significant group effect [F(2,41) = 3.89, P < .05], which was
due to a significant reduction of sensorimotor performance
in SAPO/0.4 as compared to CTRL rats (P < .05); SAPO/
0.2 rats only tended to be impaired when compared to
CTRL rats (P= .07).
3.2.3. Forced T-maze alternation
The results are shown in Fig. 4. ANOVA of the alternation
rates failed to show a significant group effect [F(2,41) < 1.0].
Fig. 2. Number of cage crossings per hour (mean + S.E.M.) of rats during
the habituation (A), the diurnal (B) and the nocturnal (C) phases of the
cycle. Abbreviations: same as in Table 2.
Fig. 3. Mean score ( + S.E.M.) of rats in the beam-walking test.
Abbreviations and symbols: same as in Table 2.
Fig. 4. Mean percent of alternation rates (+ S.E.M.) of rats in the T-maze
test. The dotted line corresponds to a random alternation rate (50%). Abbre-
viations: same as in Table 2.
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3.2.4. Water-maze test, reference memory
The results are shown in Fig. 5. ANOVA of the latencies
showed significant group [F(2,41) = 6.62, P < .01] and day
[F(4,164) = 91.24, P < .001] effects, but no significant inter-
action [ F(8,164) = 1.23]. Latencies were significantly
increased in SAPO/0.2 and SAPO/0.4 rats as compared to
CTRL rats (P < .05, in each case). However, the difference
between SAPO/0.2 and SAPO/0.4 rats was not significant.
The significant day effect was due to the decrease in overall
latencies from day to day (P < .05 in all cases). ANOVA of
the distances yielded a comparable picture, namely signific-
ant group [F(2,41) = 7.53,P < .01] and day [F(4,164) =
61.90, P < .001] effects, but no significant interaction bet-
ween these two factors [F(8,164) = 1.23]. The group effect
Fig. 5. Mean latency per day ( + S.E.M.) to reach the platform in the reference memory procedure of the water-maze task. The insert shows the average time
( + S.E.M.) spent by rats in the training quadrant during the probe trial. Abbreviations: same as in Table 2.
Fig. 6. Mean latency per trial ( + S.E.M.) to reach the platform in the working memory procedure of the water-maze task. Abbreviations: same as in Table 2.
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was due to overall distances, which were significantly
increased in SAPO/0.2 and SAPO/0.4 rats as compared to
CTRL rats (P < .05, in each case). The difference between
SAPO/0.2 and SAPO/0.4 rats did not reach sig-nificance
(P=.074). The significant Day effect was due to overall
distances, which decreased significantly from day to day
(P < .01 in all cases). An analysis of the overall swim ve-
locity indicated that there was no significant difference
among the three groups (data not illustrated). Analysis of
performances during the probe trial showed no significant
group effect, whether on time spent [F(2,41) = 1.23] or dis-
tance swum [F(2,41) < 1.00] in the probe quadrant (where
the platform was located during acquisition trials). In all
three groups, rats spent a significantly longer time or swam
a significantly longer distance in the probe quadrant as
compared to the three other quadrants (P < .01).
3.2.5. Water-maze test, working memory
The results are shown in Fig. 6. ANOVA of the latencies
(Trials 1 to 4) showed a significant trial effect [F(3,123) =
31.55, P < .001], but no significant effect of group [F(2,41) =
2.41] and no significant interaction [F(6,123) < 1]. The trial
effect was mainly due to the decreased latencies on Trials 2, 3
and 4 as compared to Trial 1 (P < .001 in each case). A
separate analysis conducted on the first two trials showed
similar results. There was only a significant effect of the
factor trial [F(1,41) = 33.56,P < .001], but there was neither a
significant effect of the factor group [F(2,41) = 2.03] nor a
Fig. 7. Uninterrupted procedure of the radial-maze task. (A) Mean number of errors ( + S.E.M.) per block of four trials. The insert shows the average number of
errors ( + S.E.M.). (B) Mean number ( + S.E.M.) of arms were visited before the first error was committed (per block of four trials). Abbreviations: same as in
Table 2.
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significant interaction between these factors [F(2,41) < 1].
The trial effect was again due to the decreased latencies on
Trial 2 as compared to Trial 1. An additional analysis was
conducted on the percent savings between Trial 1 and Trial 2.
This analysis did not show any effect of factor group
[F(2,41) = 1.62]. A comparable picture was shown by an
ANOVA of the distances. The ANOVA showed a significant
trial effect [F(3,123) = 3.97, P < .01], but neither a significant
group effect [F(2,41) = 2.55] nor a significant interaction
between these factors [F(6,123) = 1.50]. The trial effect
was mainly due to the decreased distances on Trials 2, 3
and 4 as compared to Trial 1 (P < .05 in each case).
3.2.6. Radial maze, uninterrupted testing
Results are shown in Fig. 7. ANOVA of the number of
errors (Fig. 7A) showed significant group [F(2,40) = 4.22,
P < .05] and block [F(4,160) = 21.86, P < .001] effects, but
no interaction [F(8,160) = 1.12]. The group effect reflected a
significantly higher number of errors in SAPO/0.4 as com-
pared to CTRL rats (P < .01). The comparison between
SAPO/0.2 and CTRL rats only yielded a tendency
(P=.06). The Block effect reflected an overall number of
errors, which was significantly lower in Blocks 2, 3, 4, and 5
as compared to Block 1 (P < .001). Further analysis showed
that the group effect was observed mainly in the first block of
trials where both SAPO/0.4 and SAPO/0.2 groups committed
significantly more errors than in the CTRL group (respect-
ively P < .05 and P < .01). ANOVA of the number of arms
visited before the first error was committed (Fig. 7B) showed
a significant block effect [F(4,160) = 24.94, P < .001], but no
significant effect of the factor group [F(2,40) < 1] or of the
interaction between factors [F(8,160) = 1.25]. The block
Fig. 8. Interrupted procedure of the radial-maze task: 2-min delay after interruption. (A) Mean number of errors ( + S.E.M.) per block of four trials. (B) Mean
number (+ S.E.M.) of arms visited before the first error was committed (per block of four trials). Abbreviations: same as in Table 2.
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effect reflected a significantly higher overall number of arms
visited before the first error was committed in Blocks 2, 3, 4,
and 5 as compared to Block 1 (P < .001).
3.2.7. Radial maze, interrupted testing with a 2-min delay
Results are shown in Fig. 8. ANOVA of the number of
errors (Fig. 8A) showed only a significant block [F(4,160) =
5.90, P < .001] effect, but no group effect [F(2,40) < 1] nor an
interaction between both factors [F(8,160) < 1]. The block
effect reflected a significantly lower overall number of er-
rors in Blocks 4 and 5 as compared to Block 1 (P < .05 and
P < .001, respectively). ANOVA of the number of arms
visited before the first error was committed after the interrup-
tion (Fig. 8B) showed a significant block effect [F(4,160) =
9.17, P < .001], but no significant effect of the factor group
[F(2,40) < 1] and no significant interaction between these
factors [F(8,160) = 1.09]. The block effect reflected a sig-
nificantly higher overall number of arms visited before the
first error was committed in Block 5 as compared to all the
previous blocks (P < .001 for Blocks 1, 2 and 3, and P < .01
for Block 4).
3.2.8. Radial maze, interrupted testing with a 2-h delay
Results are shown in Fig. 9. ANOVA of the number of
errors (Fig. 9A) showed only a significant block [F(4,160) =
9.70, P < .001] effect, but no significant group effect
[F(2,40) = 1.24] or interaction [F(8,160) = 1.07. The block
effect reflected a significantly lower overall number of
errors in Blocks 2, 3, 4 and 5 as compared to Block 1
(P < .001). ANOVA of the number of arms visited before
the first error was committed after the interruption (Fig. 9B)
showed significant group [F(2,40) = 5.39, P < .01] and
Fig. 9. Interrupted procedure of the radial-maze task: 2-h delay. After interruption. (A) Mean number of errors ( + S.E.M.) per block of four trials. (B) Mean
number ( + S.E.M.) of arms visited before the first error was committed (per block of four trials). Abbreviations: same as in Table 2.
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block [F(4,160) = 4.61, P < .01] effects, but no significant
interaction between these factors [F(8,160) = 1.33]. The
group effect was mainly due to a decreased number of arms
visited before the first error in SAPO/0.2 and SAPO/0.4
groups as compared to the CTRL group (P < .05 and
P < .01, respectively). The block effect reflected a signific-
antly lower overall number of arms visited before the first
error was committed in Block 1 as compared to all the
following blocks (P < .01 for Blocks 2, 4 and 5, and
P < .05 for Block 3). Using the sequence of arms visited
before the interruption, we have distinguished each error
committed after the interruption as occurring in the first,
second, third or fourth arm visited before the trial was in-
terrupted (factor serial position; see Materials and methods).
The ANOVA of this variable showed a significant serial
position [F(3,120) = 27.47, P < .001] effect, but no signific-
ant group [F(2,40) = 1.10] effect, and no significant inter-
action [F(6,120) = 1.20]. This serial position (Fig. 11) effect
was mainly due to the fact that most errors were made in the
arm first visited before the interruption of the trial (P < .001).
3.2.9. Radial maze, interrupted testing with a 6-h delay
Data are shown in Fig. 10. ANOVA of the number of
errors (Fig. 10A) showed a significant effect of factors group
[F(2,40) = 2.02] and block [F(4,160) = 1.49]. The interaction
between factors group and block approached significance
Fig. 10. Interrupted procedure of the radial-maze task: 6-h delay after interruption. (A) Mean number of errors ( + S.E.M.) per block of four trials. (B) Mean
number ( + S.E.M.) of arms visited before the first error was committed (per block of four trials). Abbreviations: same as in Table 2.
R. Galani et al. / Physiology & Behavior 76 (2002) 75–9086
[F(8,160) = 1.92, P < .059]. ANOVA of the number of arms
visited before the first error was committed after the interrup-
tion (Fig. 10B) showed a significant group effect [F(2,40) =
8.42, P < .001], no significant block effect [F(4,160) < 1],
and no interaction [F(8,160) < 1]. The group effect was
mainly due to a decreased number of arms visited before
the first error in SAPO/0.2 and SAPO/0.4 groups as com-
pared to that found in the CTRL group (P < .01). The
distribution of the errors (serial position) was also analyzed
for that delay. The ANOVA did not show a significant group
effect [F(2,40) = 2.25], but there was a significant Serial Po-
sition effect [F(3,120) = 42.63, P < .001] and a significant
interaction between both factors [F(6,120) = 3.99, P < .01].
Further analysis of the interaction (Fig. 11) showed that rats
from both the SAPO/0.2 and the SAPO/0.4 groups reentered
significantly more often the arm first visited before the inter-
ruption than those from group SHAM (P < .001 for each).
4. Discussion
4.1. Effects on AChE histochemistry
Two important regions providing cholinergic projections
within the rat brain are the NBM/substantia innominata
(projecting mainly to the cerebral cortex) and the septal/
diagonal band of Broca nuclei (projecting mainly to the
hippocampus). Recently, it was shown that unlike most
neurotoxic lesion techniques, such as local injections
of ibotenate, quisqualate, AMPA or NMDA, injection of
192-IgG-saporin in the NBM could induce a significant
reduction of the cholinergic innervation of the cerebral
cortex [25,34] without altering significantly markers for
other neurotransmitters [6]. There is also no or only minimal
damage to the cholinergic hippocampal afferents [5,21,23].
In agreement with these experiments, our results showed
that injections of 0.2 mg of 192-IgG-saporin into the NBM
induced a substantial decrease of the density of AChE-
positive reaction products in various cortical zones (soma-
tosensory, piriform and perirhinal cortices) without altering
significantly the cholinergic inervation of the hippocampus
or the cingulate cortex. However, these results also showed
a decrease of AChE-positive reaction products in the stria-
tum; although found in only one of the selected sections, it
was observed at both doses. Literature showing such an
effect on the striatum is rare, probably because this structure
contains only cholinergic interneurons that, in adult rats, are
presumed to bear only few receptors mediating the immu-
notoxic effects of 192-IgG-saporin (i.e., p75NGF receptors).
However, Heckers et al. [35] observed a loss of ChAT-
positive striatal interneurons when 192-IgG-saporin was
injected in the substantia innominata of the rat. As the
substantia innominata and the NBM are two structures that
are very close to each other, it is possible that in our
experiment, part of the immunotoxin injected in the NBM
has reached the substantia innominata, and from there, has
induced some cholinergic effects in the striatum.
In contrast to rats that received 0.2 mg of the immuno-
toxin, those that received 0.4 mg showed a modest,
although significant, decrease in AChE-positive reaction
products in the hippocampus (CA1), the dentate gyrus
(granule cells) and the cingulate/retrosplenial cortex. A
similar effect on the extent of the cholinergic deafferenta-
tion was recently reported by Pizzo et al. [21], who showed
that intraparenchymal administration of different concen-
trations of 192-IgG-saporin in the NBM induced a dose-
dependent depletion of ChAT activity in cortical areas. Pizzo
et al. [21] also showed a partial depletion of ChAT in the
hippocampus at the highest dose used. One possible
explanation for this cholinergic depletion, which also
Fig. 11. Interrupted procedures in the radial-maze task: 2- and 6-h delay. Mean number of errors ( + S.E.M.) committed after the interruption related to the
sequence of arms visited before the interruption.
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applies to our present results, might be that, at the highest
dose, the immunotoxin had undergone a sufficient dif-
fusion to the neighboring septal region where cholinergic
neurons that project to the hippocampus are located.
4.2. Effects on locomotor activity and
sensorimotor capabilities
At both doses, 192-IgG-saporin failed to induce any
significant effect on locomotor activity in the home cage,
a result suggesting that the hyperlocomotion found in
previous studies with less specific techniques was not due
to the sole damage of basalocortical cholinergic neurons.
Also, the deficit of rats from the SAPO/0.4 group in the
beam-walking test confirmed recent findings obtained with
intraventricular injections of the immunotoxin [36]. The
authors showed that an intraventicular injection of 2 mg of
192-IgG-saporin could impair sensorimotor capabilities and,
based on the literature, they suggested that this deficit might
be related to damage to the cerebellar Purkinje cells and/or to
the cholinergic denervation of the sensorimotor cortex. In the
present study, we showed a dose-dependent effect of intra-
parenchymal injections of the immunotoxin on sensorimotor
capabilities of rats. This effect might be related to dose-
dependent effects of the immunotoxin on the cholinergic
innervation of the sensorimotor cortex and/or the striatum,
two effects, which were substantiated by our histochemical
observations. This result also emphasizes that NBM lesions
may induce sensorimotor deficits related to cholinergic
dysfunction [37].
4.3. Effects on learning and memory
In our study, the absence of lesion-induced effects in the
T-maze, the weak effects in the water maze (working
memory procedure and probe trial in the reference memory
procedure) and the radial maze (interrupted procedure) is
congruent with recent behavioral studies using intraparen-
chymal injections of 192-IgG-saporin in basal forebrain
cholinergic structures. Thus, even though the SAPO/0.4 rats
showed increased damage to the hippocampus, dentate gyrus
and cingulate/retrosplenial cortex as compared to the SAPO/
0.2 rats, our behavioral results did not show any marked
difference amongst lesioned groups, and only small differ-
ences between the lesioned groups and the control group
were observed. For instance, using 192-IgG-saporin, several
authors have shown that lesions of the NBM [4,23,27] (but
see Ref. [24]), of the septum/diagonal band of Broca [4,38],
and of both structures [5] failed to induce spatial memory
impairments in the water-maze task. Similar results were
found when the radial maze was used, with only minor
impairments being found in rats with immunotoxic lesions of
the NBM, the medial septal area or both [5,39].
Our results from the reference memory procedure in the
water maze (but not for the probe trial) or the standard
(uninterrupted) procedure in the radial maze appear to be in
line with previous results obtained when 192-IgG-saporin
was injected into the ventricular system. Thus, using such an
injection technique, several authors have found spatial
memory impairments in rats tested in either the radial maze
[40] or the water maze [6,41]. However, our results obtained
in the water maze show that the lesion did not prevent
learning and memory functions as demonstrated by an
improvement of performance in both lesion groups over
the 5 days and by their intact capability to find the location
of the platform during the probe trial. In the radial maze, the
working memory deficit, reflected by an increased number
of errors, was only observed during the first trials in the
uninterrupted procedure and did not appear subsequently on
the number of errors in the interrupted testing procedures,
whatever interruption time was considered.
The small deficits observed during the initial phase of
both spatial tasks suggest that lesioning the corticopetal
cholinergic system has at best minor influence on spatial
memory. It emphasizes also that a high dose of 192-IgG-
saporin (i.e., 0.2 mg/NBM) may induce some memory
effects probably by the way of diffusion of the toxin to
the septal region. Even in case of damage restricted to the
septal area, recent research suggests that part of the mne-
monic deficits induced by less specific lesion techniques
(e.g., aspiration, electrolysis, neurotoxic), which also dam-
age non cholinergic neurons and fibers, might involve
alterations of interactions between cholinergic function
and other transmitter systems such as the serotonergic one
[36,42,43]. Thus, the small deficits observed in the initial
phase of the spatial memory tasks of our experiment may be
explained by other mechanisms such as those necessary for
the initiation of proper learning and memory performance,
namely attentional processes.
4.4. From a mnemonic to an attentional hypothesis
Recently, Sarter et al. [44] have reviewed the literature on
the role of cholinergic projections from the NBM in sus-
tained attention. These authors asserted that the integrity of
attentional processes is necessary for appropriate operations
of other cognitive functions such as working memory. Thus,
Sarter et al. [44] reported that lesions of the NBM with 192-
IgG-saporin ‘‘. . . are sufficient to produce profound impair-
ments in sustained attention,’’ ‘‘decrease the vigilance levels
and augment the vigilance decrement,’’ and that these effects
‘‘. . . are persistent and do not recover, even following
extended periods of daily practice of performance.’’ [26].
Specially, Sarter et al. [44] commented on the fact that
cholinergic stimulation was shown to be associated with
increasing demands on sustained attention. The pattern of
deficits that we have observed in the radial maze might be
interpreted in line with that general idea. Thus, when no
delay was used in the radial-maze testing protocol, the lesion
induced a working memory deficit only in the first block of
four trials and the memory span (as measured by the number
of arms visited before the first error was committed) was
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preserved. When the delay was increased up to 6 h between
the first four visits and the remaining ones, working memory
performances, as assessed by the number of errors, seemed
not impaired, but the lesion induced a marked reduction of
the memory span. Additionally, the serial position of the
errors committed after the interruption at the longest delay
(6 h) showed that rats sustaining lesions made more errors
than control rats in the first of the four arms that they visited
before the interruption. This observation might be consid-
ered as accounting for an impairment of the primacy effect
[45] in memory performances. However, since there was no
evidence for a primacy effect in vehicle-infused rats (Fig. 11)
we are not able to support that possibility. Thus, the pattern
of deficits (reduced span and lack of memory deficit) might
in fact be linked to attentional deficits (see Ref. [32] for more
specific tasks). Indeed, another interpretation might be that
after a long interruption in a trial, rats need to reactivate
stored information in order to perform the task, and this
reactivation might require maximal attentional processing.
After a long delay, the external (room and maze cues) and
internal (motivational state) contexts probably contributed to
the activation of attentional processes (bottom-up processes
according to [44]) that trigger cognitive functions (memory
for previously visited arms). In turn, these cognitive func-
tions would require further attention to complete the trial
appropriately (top-down processes according to Sarter et al.
[44]). In our study, we propose that an impaired reactivation
of bottom up attentional processes might account for the
reduction of the number of correct choices before the first
error was committed, and that these processes might have
been reactivated by committing a first error after the inter-
ruption. This speculation on the disruption of attentional
processes seems to be in line with the results obtained in a
recent experiment by Lehmann et al. (manuscript in pre-
paration) who found a double dissociation between the
effects of selective cholinergic lesions of the NBM and the
septal area in tasks assessing either attentional (five choice
serial reaction time task) or spatial working memory (radial
maze) capabilities.
Along with recent experiments by other authors [23,27],
our results show that the cholinergic depletion induced by
selective damage to the NBM, even when extending over a
large part of the cortex and partly to the hippocampus, does
not lead to substantial impairments of spatial memory
functions. Nevertheless, these results, based on selective
lesions of the cholinergic projections from the NBM, leave
intact the possibility that the major role of the corticopetal
cholinergic system is in attentional processes or concerns
other memory processes than those tested in the present
experiment [46–49].
Acknowledgments
The authors would like to acknowledge the excellent as-
sistance of Mr. Rene´ Paul and Mr. Olivier Bildstein in animal
care. We also acknowledge Pr. Byron Jones for reading the
manuscript and helpful comments. This work was supported
by the CNRS, the ULP, and the IFR 37 (projet de soutien des
IFR aux sciences du vivant, IFR 37, 1999/2000; Appel
d’Offre Exceptionnel, 2001–2002). The authors would also
like to acknowledge the Fondation pour la Recherche
Me´dicale for providing a doctoral fellowship to O. Lehmann.
References
[1] Bartus RT, Dean RL, Beer B, Lippa AS. The cholinergic hypothesis of
geriatric memory dysfunction. Science 1982;217:408–14.
[2] Bartus RT. On neurodegenerative diseases, models, and treatment
strategies: lessons learned and lessons forgotten a generation follow-
ing the cholinergic hypothesis. Exp Neurol 2000;163:495–529.
[3] Wrenn CC, Wiley RG. The behavioral functions of the cholinergic
basal forebrain: lessons from 192 IgG-saporin. Int J Dev Neurosci
1998;16(19):595–602.
[4] Baxter MG, Bucci DJ, Sobel TJ, Williams MJ, Gorman LK, Gallagher
M. Intact spatial learning following lesions of basal forebrain choli-
nergic neurons. NeuroReport 1996;7(22):1417–20.
[5] Dornan WA, Mccampbell AR, Tinkler GP, Hickman LJ, Bannon AW,
Decker MW, Gunther KL. Comparison of site specific injections into
the basal forebrain on water maze and radial arm maze performance in
the male rat after immunolesioning with 192 IgG-saporin. Behav
Brain Res 1997;86(8):181–9.
[6] Waite JJ, Thal LJ. Lesions of the cholinergic nuclei in the rat basal
forebrain: excitotoxins vs an immunotoxin. Life Sci 1996;58:1947–53.
[7] Dubois B, Mayo W, Agid Y, Le Moal M, Simon H. Profound dis-
turbances of spontaneous and learned behaviors following lesions of
the nucleus basalis magnocellularis in the rat. Brain Res 1985;338:
249–58.
[8] Langlais PJ, Connor DJ, Thal L. Comparison of the effects of single
and combined neurotoxic lesions of the nucleus basalis magnocellu-
laris and dorsal noradrenergic bundle on learning and memory in the
rat. Behav Brain Res 1993;54:81–90.
[9] Mayo W, Kharouby M, Le Moal M, Simon H. Memory disturbances
following ibotenic acid injections in the nucleus basalis magnocellu-
laris of the rat. Brain Res 1988;455:213–22.
[10] Mundy WR, Barone S, Tilson HA. Neurotoxic lesions of the nucleus
basalis induced by colchicine: effects on spatial navigation in the
water maze. Brain Res 1990;512:221–8.
[11] Santucci AC, Haroutunian V. Nucleus basalis lesions impair memory
in rats trained on nonspatial and spatial discrimination tasks. Physiol
Behav 1989;45:1025–31.
[12] Collerton D. Cholinergic function and intellectual decline in Alzheim-
er’s disease. Neuroscience 1986;19:1–28.
[13] Dunnett SB. Comparative effects of cholinergic drugs and lesions of
nucleus basalis or fimbria-fornix on delayed matching in rats. Psycho-
pharmacology (Berlin) 1985;87:357–63.
[14] Murray CL, Fibiger HC. Pilocarpine and physostigmine attenuate
spatial memory impairments produced by lesions of the nucleus ba-
salis magnocellularis. Behav Neurosci 1986;100:23–32.
[15] Mandel RJ, Chen AD, Connor DJ, Thal LJ. Continuous physostig-
mine infusion in rats with excitotoxic lesions of the nucleus basalis
magnocellularis: effects on performance in the water maze task and
cortical cholinergic markers. J Pharmacol Exp Ther 1989;251:612–9.
[16] Steckler T, Andrews JS, Marten P, Turner JD. Effects of NBM lesions
with two neurotoxins on spatial memory and autoshaping. Pharmacol,
Biochem Behav 1993;44:877–89.
[17] Dunnett SB, Whishaw IQ, Jones GH, Bunch ST. Behavioural, bio-
chemical and histochemical effects of different neurotoxic amino acids
injected into nucleus basalis magnocellularis of rats. Neuroscience
1987;20:653–69.
[18] Wenk GL, Stoehr JD, Quintana G, Mobley S, Wiley RG. Behavioral,
R. Galani et al. / Physiology & Behavior 76 (2002) 75–90 89
biochemical, histological, and electrophysiological effects of 192 IgG-
saporin injections into the basal forebrain of rats. J Neurosci 1994;14:
5986–95.
[19] Ammassari-Teule M, Amoroso D, Forloni GL, Rossi-Arnaud C, Con-
solo S. Mechanical deafferentation of basal forebrain-cortical path-
ways and neurotoxic lesions of the nucleus basalis magnocellularis:
comparative effect on spatial learning and cortical acetylcholine re-
lease in vivo. Behav Brain Res 1993;54:145–52.
[20] Waite JJ, Chen AD, Wardlow ML, Thal LJ. Behavioral and biochem-
ical consequences of combined lesions of the medial septum/diagonal
band and nucleus basalis in the rat when ibotenic acid, quisqualic acid,
and AMPA are used. Exp Neurol 1994;130:214–29.
[21] Pizzo DP, Waite JJ, Thal LJ, Winkler J. Intraparenchymal infusions of
192 IgG-saporin: development of a method for selective and discrete
lesioning of cholinergic basal forebrain nuclei. J Neurosci Methods
1999;91:9–19.
[22] Zhang ZJ, Berbos TG, Wrenn CC, Wiley RG. Loss of nucleus basalis
magnocellularis, but not septal, cholinergic neurons correlates with
passive avoidance impairment in rats treated with 192-saporin. Neuro-
sci Lett 1996;203:214–8.
[23] Baxter MG, Bucci DJ, Gorman LK, Wiley RG, Gallagher M. Selec-
tive immunotoxic lesions of basal forebrain cholinergic cells: effects
on learning and memory in rats. Behav Neurosci 1995;109:714–22.
[24] Berger-Sweeney J, Heckers S, Mesulam MM, Wiley RG, Lappi DA,
Sharma M. Differential effects on spatial navigation of immunotoxin-
induced cholinergic lesions of the medial septal area and nucleus
basalis magnocellularis. J Neurosci 1994;14:4507–19.
[25] Gutierrez H, Gutierrez R, Silvagandarias R, Estrada J, Miranda
MI, Bermudezrattoni F. Differential effects of 192 IgG-saporin
and NMDA-induced lesions into the basal forebrain on cholinergic
activity and taste aversion memory formation. Brain Res 1999;834:
136–41.
[26] Mcgaughy J, Kaiser T, Sarter M. Behavioral vigilance following in-
fusions of 192 IgG-saporin into the basal forebrain: selectivity of the
behavioral impairment and relation to cortical ache-positive fiber den-
sity. Behav Neurosci 1996;110:247–65.
[27] Torres EM, Perry TA, Blockland A, Wilkinson LS, Wiley RG, Lappi
DA, Dunnet SB. Behavioural, histochemical and biochemical conse-
quences of selective immunolesions in discrete regions of the basal
forebrain cholinergic system. Neuroscience 1994;63:95–122.
[28] Sarter M, Bruno JP, Miner LA, Mcgaughy J. Development of a meth-
od for intraparenchymal infusions of 192 IgG-saporin: a comment on
Pizzo et al. (1999). J Neurosci Methods 2000;96:169–70.
[29] Paxinos G, Watson P. The rat brain in stereotaxic coordinates. New
York: Academic Press, 1986.
[30] Jeltsch H, Cassel JC, Jackisch R, Neufang B, Greene PL, Kelche C,
Hertting G, Will B. Lesions of supracallosal or infracallosal hippo-
campal pathways in the rat: behavioral, neurochemical, and histo-
chemical effects. Behav Neural Biol 1994;62:121–33.
[31] Koelle GB. The histochemical localization of cholinesterases in the
central nervous system of the rat. J Comp Neurol 1954;211–35.
[32] Turchi J, Sarter M. Cortical cholinergic inputs mediate processing
capacity: effects of 192 IgG-saporin-induced lesions on olfactory span
performance. Eur J Neurosci 2000;12:4505–14.
[33] Winer BJ. Statistical principles in experimental design. New York:
McGraw Hill, 1971.
[34] Bednar I, Zhang X, Dastranjsedghi R, Nordberg A. Differential
changes of nicotinic receptors in the rat brain following ibotenic acid
and 192 IgG-saporin lesions of the nucleus basalis magnocellularis.
Int J Dev Neurosci 1998;16:661–8.
[35] Heckers S, Ohtake T, Wiley RG, Lappi DA, Geula C, Mesulam MM.
Complete and selective cholinergic denervation of rat neocortex and
hippocampus but not amygdala by an immunotoxin against the p75
NGF receptor. J Neurosci 1994;14:1271–89.
[36] Lehmann O, Jeltsch H, Lehnardt O, Pain L, Lazarus C, Cassel JC.
Combined lesions of cholinergic and serotonergic neurons in the rat
brain using 192 IgG-saporin and 5,7-dihydroxytryptamine: neuro-
chemical and behavioural characterization. Eur J Neurosci 2000;12:
67–79.
[37] Abdulla FA, Calaminici MR, Stephenson JD, Sinden JD. Unilateral
ampa lesions of nucleus basalis magnocellularis induce a sensorimotor
deficit which is differentially altered by arecoline and nicotine. Behav
Brain Res 1994;60:161–9.
[38] Baxter MG, Gallagher M. Intact spatial learning in both young and
aged rats following selective removal of hippocampal cholinergic in-
put. Behav Neurosci 1996;110:460–7.
[39] Perry T, Hodges H, Gray JA. Behavioural, histological and immuno-
cytochemical consequences following 192 IgG-saporin immunolesions
of the basal forebrain cholinergic system. Brain Res Bull 2001;54:
29–48.
[40] Wrenn CC, Lappi DA, Wiley RG. Threshold relationship between
lesion extent of the cholinergic basal forebrain in the rat and work-
ing memory impairment in the radial maze. Brain Res 1999;847:
284–98.
[41] Leanza G, Martinez-Serrano A, Bjorklund A. Amelioration of spatial
navigation and short-term memory deficits by grafts of foetal basal
forebrain tissue placed into the hippocampus and cortex of rats with
selective cholinergic lesions. Eur J Neurosci 1998;10:2353–70.
[42] Cassel JC, Jeltsch H. Serotonergic modulation of cholinergic function
in the central nervous system: cognitive implications. Neuroscience
1995;69:1–41.
[43] Steckler T, Sahgal A. The role of serotonergic–cholinergic interac-
tions in the mediation of cognitive behaviour. Behav Brain Res
1995;67:165–99.
[44] Sarter M, Givens B, Bruno JP. The cognitive neuroscience of sus-
tained attention: where top-down meets bottom-up. Brain Res Rev
2001;35:146–60.
[45] Kesner RP, Novak JM. Serial position curve in rats: role of the dorsal
hippocampus. Science 1982;218:173–5.
[46] Baxter MG, Chiba AA. Cognitive functions of the basal forebrain.
Curr Opin Neurobiol 1999;9(8):178–83.
[47] Everitt BJ, Robbins TW. Central cholinergic systems and cognition.
Annu Rev Psychol 1997;48:649–84.
[48] Wenk GL. The nucleus basalis magnocellularis cholinergic system: one
hundred years of progress. Neurobiol Learn Mem 1997;67:85–95.
[49] Mcgaughy J, Everitt BJ, Robbins TW, Sarter M. The role of cortical
cholinergic afferent projections in cognition: impact of new selective
immunotoxins. Behav Brain Res 2000;115:251–63.
R. Galani et al. / Physiology & Behavior 76 (2002) 75–9090
